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EFFECTS OF INSULIN AND INSULIN MIMETICS ON
ANTIOXIDANT ENZ'YME LEVELS:
IN VIVO AND IN VITRO
Shikha Varma, M. A.
Western Michigan University, 1995
Tissue antioxidant status is considered to be an important factor for
elucidating the etiology of diabetes and its physiological complications.
This study was aimed to determine the in vivo antioxidant enzyme levels
in the altered antioxidant status of diabetic rat liver with the treatment of
two potent insulin mimetics, vanadium and selenate. The direct effects of
vanadate, selenate, and zinc (another insulin mimetic) on the antioxidant
enzyme levels in primary rat hepatocytes in culture was also determined.
Levels of superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX) were determined in both model systems.
In the in vivo model, insulin treatment completely restored SOD
and GPX but partially restored CAT. Vanadate treatment restored SOD,
CAT and GPX, however, selenate treatment only partially restored CAT
and SOD. In vitro treatments of the mimetics did not show a significant
change in either SOD concentration or GPX activity at either 24 or 36
hours post treatment. However, decreased CAT activity was observed
after 48 hours of treatment with either insulin, vanadate, or zinc and an
increased activity with selenate treatment.
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CHAPTER!
INTRODUCTION
The Biochemistry of Free Radicals
The biochemistry of free radicals has been considered important for
many years because of its implications in the pathogenesis of many
diseases as well as in the process of aging. Years of research and study of
free radicals in living systems indicate that free radicals exert their action
by either directly causing a disease state or they are produced in
increased amounts as a result of a disease and then contribute to further
tissue injury. A free radical can be defined as a chemical species
possessing an unpaired electron. Free radicals and ions can be formed in
the following three ways (Cheeseman and Slater, 1993):
1. Radical formation by electron transfer

A

+

e-

➔

A-•

2. Radical formation by homolytic fission

X:Y ➔

x·

+

y•

3. Ion formation by heterolytic fission

X:Y ➔ X:

+

y+

Electron transfer 1s a far more common process in biological
systems than is homolytic fission, which generally requires high energy
input from either high temperatures, UV light or 10mzmg radiation.
Heterolytic fission, in which the electrons of the covalent bond are
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2

retained by only one of the fragments of the parent molecule and results
in one free radical and one charged ion. The unpaired electron and the
radical nature of a species are conventionally indicated by writing it with
a heavy superscript dot.
The most important free radicals in a biological system are radical
derivatives of oxygen or the reactive oxygen species (ROS). ROS can be
defined literally as any chemical entity containing one or more oxygen
atoms that is chemically reactive in relation to its environment.
Overproduction or abnormal exposure of ROS to living organisms results
in oxidative stress. Oxidative stress is generally described as a
"disturbance in the prooxidant-antioxidant balance in favor of the former"
(Sies, 1985) which eventually leads to damage to its living environment.
An oxygen molecule may undergo reduction in single electron steps and in
that process it can create several intermediates that are of considerable
interest and reactivity. The key players of the ROS biochemistry are
oxygen itself, superoxide radical, hydrogen peroxide, hydroxyl radical, and
some transition metals.
Superoxide Radical
Superoxide 1s the one-electron reduction product of molecular
oxygen.
02 +

e-

➔

0 2- •
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While 02-• is the primary free radical produced, toxicity is not
necessarily caused directly by the action of this form of activated oxygen.
It is reported that superoxide radical depolymerizes hyluronic acid,
degrades collagen, oxidizes unsaturated fatty acids and causes strand
breaks in DNA (Johnson, 1986). Its toxicity, however, is related to the
formation of more damaging species like the hydroperoxyl radical, HO2•
and hydrogen peroxide, H2O2. Superoxide radical is protonated at pH
below 6 to produce HO2• , but at physiological pH, less than 1% will be in
the protonated form (Ahmad, 1995).

The dismutation reaction of superoxide generates yet another ROS,
hydrogen peroxide, which takes place in two stages:
+

H+

➔

overall reaction:
+

2 H+

Since the concentration of H+ is relatively low at the physiological
pH, this reaction is rather slow which is indicated by k = 4.5x10 5 (Ahmad
1995).
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Hydrogen Peroxide
Hydrogen peroxide is not a free radical ( since it has no unpaired
electrons) but falls into the category of ROS. H20 2 has moderate chemical
reactivity but there are a number of ways through which this molecule
can cause damage. First, it is water soluble and it can be widely dispersed
because it can easily cross biological membranes (which superoxide
radicals cannot, except through anion channels) and it has relatively low
reactivity and longer lifetime compared to the free radicals (Halliwell and
Gutteridge, 1986). Furthermore, hydrogen peroxide can break down,
especially in the presence of transition metals, such as, ferrous iron, Fe2+,
by accepting a single electron to produce the highly reactive and most
damaging of all radicals, the hydroxyl radical,· OH.
Fe2+

+

H2 0 2

➔

Fe3+ +

•oH

+

-OH

The ferric iron (Fe3+) can be re-reduced to Fe2+ by either H20 2 or

Fe3+

+

H2 0 2

Fe3+

+

0 2- •

➔

Fe2+ + 0 2- • + 2H+
Fe2+ + 0 2

➔

net reaction:
➔

02

+ • OH + -OH

The above reactions are very often referred to as the iron-catalyzed
Haber-Weiss reaction or Fenton chemistry (Frei, 1994). It is important to
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note that even traces of iron can be effective generators of • OH because
iron acts catalytically as it cycles between ferrous and ferric forms by
reacting with hydrogen peroxide and superoxide radical.
Hydroxyl Radical
The hydroxyl radical, •oH, is one of the most reactive chemical
species known to be produced in living organisms. •oH does not persist for
more than a few microseconds before reacting with a molecule in its
immediate vicinity. Therefore, unlike a hydrogen peroxide molecule it
does not diffuse a significant distance within a cell but is capable of
causing great damage within a small radius of its site of production. It
reacts with extremely high rate constants (10 7 to 109 /M.sec) with proteins,
carbohydrates, lipids, nucleic acids, organic acids, and with aromatic as
well as aliphatic structures (Cadenas, 1989). Hydroxyl radicals have been
shown to induce protein crosslinking and cleave amino acid bonds, leading
to molecular fragmentation. Nucleic acids are also a target for a similar
attack, generating DNA strand breaks or base modifications, leading to
point mutations (Freeman, 1982). Hydroxyl radical is a powerful oxidant
that easily captures 1 e- to form OH- and it can also dimerize to form
H2O2. Because •oH is a radical, its reactions leave behind a series of
propagating chain reactions in the cell.
Lipid Peroxidation
The best characterized biological damage caused by a hydroxyl
radical directly is its ability to stimulate the free radical chain reaction
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known as lipid peroxidation of polyunsaturated fatty acids (PUFA). This
occurs when the •oH is generated close to membranes and attacks the
fatty-acid side chains of the membrane phospholipids. It preferentially
attacks fatty-acid side chains with several double bonds. The •oH
abstracts a H atom from one of the C atoms in the side chain and
combines with it to form water.

-CH-

+
+

➔

----e·-

+

➔

The above reactions remove the •oH but they leave behind a C
centered radical in the membrane. Carbon centered radicals formed from
PUFA usually undergo molecular rearrangement to give conjugated diene
structures, which can have various fates. Thus, if two such radicals
collided in the membrane, cross linking of fatty acids side chains could
occur as the two electrons joined to form a covalent bond. Reaction with
membrane proteins is also a possibility. However, under physiological
conditions, the most likely fate of carbon centered radical is to combine
with an oxygen creating yet another radical, the peroxyl radical. Peroxyl
radicals are reactive enough to attack adjacent fatty acids side chains,
abstracting H and producing a hydroperoxide. Another carbon centered
radical is generated in addition and so the chain reaction continues.
Hence one •oH can result in the conversion of many fatty acid side chains
in lipid peroxidation.
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The following equations potentially illustrate the chain reactions
leading to formation of lipid peroxides by a single attack of a •oH radical
as described above.
•R

+

02

Roo· + R'H
•R'

+

R'oo·

Roo·

➔

02

➔
➔

+ R"H

R00H

+ •R'

R'oo·
➔

•R"

+

R'00H

Accumulation of lipid hydroperoxides in a membrane can disrupt its
function and can also cause it to collapse. In addition, lipid peroxides can
decompose to yield a range of highly toxic products, most dangerous of
which are aldehydes. Researchers have focussed on malondialdehyde and
4-hydroxyalkenals as products of such lipid peroxidation. Aldehydes can
cause severe damage to membrane proteins by inactivating recepto;rs and
membrane bound enzymes (Halliwell, 1989).
In summary, lipid peroxidation is of particular significance as a
damaging phenomenon that arises from free radical production in cells
because it is a very destructive chain reaction that can directly damage
the structure of the membrane and indirectly damage other cell
components by the production of reactive aldehydes. Lipid peroxidation
has been implicated in a wide range of tissue injuries and diseases such as
carbon

tetrachloride

hepatotoxicity

and

atherosclerosis (Cheeseman and Slater, 1993).

m

the

pathogenesis

of

8
Transition Metals
In aerobic biological systems transistion metal ions are important
because they undergo single-electron redox exchanges. Their importance,
to a large extent, is due to their ability to combine and react with oxygen
or ROS. Studies on a wide variety of metals such as iron, copper,
cadmimum, chromium, lead, mercury, nickel, and vanadium, have shown
that they are capable of producing reactive oxygen species, resulting in
lipid peroxidation, DNA damage, etc. The two most commonly studied
transition metals are the cations iron and copper (Johnson, 1986). Like
any other transition metals, their ability to change oxidation states,
shown by the equations below, makes them good promoters of free radical
reactions.
Fe3+

+

Cu2+

+

e·
e·

➔
➔

Fe2+
Cu+

Iron is the most abundant transition metal in the human body, and
plays a central role in metabolism. Although neither free ferrous (Fe2+) nor
ferric (Fe3+) are thought to exist in tissue in significant concentrations,
iron can exist in a variety of iron complexes. A number of studies have
demonstrated the ability of iron complexes to catalyze the formation of
reactive oxygen species and stimulate lipid peroxidation. It has been
suggested that lipid peroxidation requires both Fe2+ and Fe3+ as a
dioxygen-iron complex (Minotti, 1987). Iron is capable of catalyzing redox
reactions between oxygen and biological molecules that would not occur if
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catalytically active iron were not present. Iron complexed with adenosine
5' -diphosphate (ADP), histidine, ethylenediaminetetraacetic acid, citrate
and other chelators, has been shown to facilitate the formation of reactive
oxygen species and enhance production of lipid peroxidation (Stohs, 1995).
Iron acts as a catalyst for the Fenton· reaction which facilitates the
conversion of superoxide radical and hydrogen peroxide to hydroxyl
radical, and, as discussed earlier, •oH is the most damaging species that
is frequently proposed to initiate lipid peroxidation.
Fe3+

+

➔

Fe2+

Fe2+

+

➔

Fe3+

+
+

OH-

However, the involvment of Fenton reaction has been criticized by
many researchers who have questioned its possibility in in vivo condition.
The criticisms are based on the low rate constant for the Fenton reaction,
and the unavailability of metal catalysts in vivo. Although a vast majority
of evidence supports hydroxyl ion as the reactive oxygen species produced
in Fenton reaction, critics argue that ferryl, an iron-oxygen complex, is
the reactive species formed. The complexities of biological systems makes
it difficult to discriminate between hydroxyl radicals and ferryl species as
the initiators of lipid peroxidation. Nevertheless, there is ample evidence
to suggest that metal ions are required for hydroxyl radical formation,
and these ions may be bound at specific sites that are not readily
accessible to some scavangers and chelators (Stohs, 1995).
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A variety of xenobiotics (foreign compounds) including paraquat,
diquat, nitrofurantoin, adriamycin, duanomycin and diaziquone (Stohs,
1995), has been shown to facilitate the release of iron from protein bound
iron like ferritin. Thus, many xenobiotics may enhance the formation of
ROS not only by undergoing redox cycling, but also facilitating the release
of iron, which catalyzes the formation of ROS.
Copper ion, the second most studied metal, may also participate in
the oxygen-dependent deleterious reactions. It is an essential trace
element for normal human development and is a cofactor for many
enzymes. Similar to iron, copper acts as a catalyst in the formation of ROS
and is believed to catalyze the peroxidation of membrane lipids via •oH
production.
Cu2 +

+
+

Cu+

02·

•

H202

➔
➔

Cu+
Cu2+

+

02
+

•oH

+

OH·

overall reaction:
2 02·

•

+

2 H+

➔

H202

+02

Several studies support the copper mediated toxicity of many
chemicals such as oxidation of hydroquinone to benzoquinone and the
enhancement of DNA nicking in the presence of hydroquinone (Li, 1993).
Glutathione is also thought to complex with copper ions and is shown to
inhibit free radical formation by copper ions in the presence of hydrogen
peroxide. This protective role of glutathione was attributed to its ability to
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stabilize copper in the Cu+ oxidation state, thus preventing redox cycling
and generation of free radicals (Stohs, 1995).
Biological Sources of Free Radicals
In principle, two species need to be considered when
addressing the biological sources of free radicals: 02- • and H202 . Although
02- • and H202 display a modest chemical reactivity, they provide the
ingredients, via different redox reactions, for the formation of more
reactive species. There are several reactions in an aerobic system that
contribute to maintaining the steady state concentrations of free
radicals.Figure 1 illustrates the generation of ROS from molecular oxygen
to ROS.

I

02
♦

(SOD)

NADPH OXIDASE
XANTHINE OXIDASE

·oH
Off

(CAT,
GPX)

Figure 1.

Generation of Reactive Oxygen Species(ROS) and
Antioxidant Enzymes Involved in Their Catabolism.
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During respiration, oxygen is directly reduced into water by
cytochrome oxidase but at least 3-5% of the oxygen leads to 02- •
formation due to leakage of electrons in the electron transport chain in
mitochondria (Michielas, 1994). The mitochondrial electron transport
system has been long known to be capable of generating ROS (Boveris,
1972; Loschen, 1974) both in vivo and in vitro (Nohl, 1978).
The species generated appear to be the superoxide radical and,
following its dismutation, hydrogen peroxide. The source of mitochondrial
ROS involves NADH-Coenzyme Q (complex I), succinate-coenzyme Q
(complex II), and/or coenzyme QH2-cytochrome C reductase (complex III).
A nonheme iron-sulfur protein is believed to be involved in the transfer of
electrons to oxygen at each site. Most of this transfer is tightly coupled,
but a small amount of leakage occurs, primarily from the NADH
coenzyme Q reductase complex, and from the autoxidation of reduced
coenzyme Q (ubiquinol) (Boveris, 1976). Phagocytosis is also recognized as
one of the most important sources of free radicals. During this process
cells exhibit a marked increase in oxygen consumption which results in an
"oxidative burst" of activated phagocytes and a rapid reduction of oxygen
to superoxide radicals. Subsequent work demonstrates that this reaction
is catalyzed by a plasma membrane bound NADPH oxidase, with the
extracellular production of large amounts of ROS (Hurst, 1989).
The family of mixed-function oxidase enzyme found m the
endoplasmic reticulum whose purpose is to oxidize various xenobiotics and
endogenous substances, catalyze these reactions by using partially
reduced oxygen species generated through the donation of electrons from
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NAD(P)H (White, 1991). Although not a major contributor under basal
conditions, the disruption of normal processes through injury or the
presence of a xenobiotic may greatly enhance this source of free radicals,
resulting in chemical modifications of the surrounding structures. In
addition to leakage of ROS, the metabolism of certain xenobiotics (such as,
paraquat, diquat, quinones, carbon tetrachloride) can directly form free
radical metabolites that may mediate tissue injury.

Furthermore,

numerous other enzymes exist that can oxidize endogenous and exogenous
substrates and generate ROS and some of which are xanthine oxidase,
urate oxidase, fatty acyl CoA oxidase. With the exception of xanthine
oxidase, other enzymes have not been well studied in terms of free radical
toxicology, and little is known of their contribution to tissue injury.
Xanthine oxidase can directly reduce molecular oxygen to superoxide and
hydrogen peroxide (Fridovich, 1970). Lastly, and as described earlier, the
presence of redox-active transition metal ions, most notably iron and
copper, in the cell makes it susceptible to injury by the production of ROS
metal ion catalysis. Figure 2 is an illustration of all the cellular sources of
ROS.
Protective Mechanisms Against Oxidative Stress
Because some free radical production in aerobic cells is inevitable
and because they can be very damaging, defenses against the deleterious
actions of free radicals have evolved. As depicted in Figure 3, homeostasis
is maintained in a living system with a balance between the free radical
status and the protective defense systems.
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ELECTRON TRANSPORT
SYSTEM

MIXED FUNCTION
OXIDASE, ELECTRON TRANSPORT
CYTOCHROME P450

CYTOPLASM

XANTIIlNE OXIDASE

TRANSITION METALS
NADPH OXIDASE
OXIDATIVE BURST:
PHAGOCYTOSIS

Figure 2.
The

Cellular Sources of Free Radicals.

assessment

of

the

overall

oxidative

status

requires

consideration of several interrelated but distinct aspects of free radical
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metabolism, some of which are: free radical generation, antioxidant
protection,

free

ra<li�al

damage,

damage

repair,

and

detoxification/elimination of potentially harmful free radical byproducts
(Ahmad, 1995).

FREE RADICAL
STATUS
-Fl-ee Radical
Generation

I

Figure 3.

-Lipid peroxi.dation

PROTECTIVE
SYSTEM
- Antioxidants
· Scavenging
Enzymes
- Repair

I

Schematic View Depicting Overall Balance in Cellular
Oxidative Stress by the Interaction Between Free Radical
Status and Protective Defense System.

The current view of cellular oxidant defenses can be categorized
into primary and secondary defense systems. The primary defenses
consists of broadly studied (i) antioxidant enzymes and (ii) molecular
antioxidant compounds.
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Both enzymatic and nonenzymatic forms of defenses act in a
combined fashion to help protect biological system against oxidative
damage initiated by free radicals. At physiological conditions, these
defense mechanisms maintain a low steady state concentration of free
radicals and their activities are very precisely regulated (Harris, 1992).
Secondary defenses include proteolytic enzymes as well as the DNA repair
sytems which are very briefly described at the end of this section.
Primary Antioxidant Defenses
Enzymatic Defense System
The enzymatic defense "army" which is involved in the protective
mechanisms against free radicals consists of three main

enzymes:

(1) Superoxide dismutase, (2) Catalase, and (3) Glutathione peroxidase.
The primary function of these enzymes is to lower the amount of oxygen
free radicals or their precursors in the cells.
Superoxide Dismutases (SOD)
SOD (E.C. 1.15.1.1) activity was first discovered by McCord and
Fridovich in 1969, who also showed that this enzyme is necessary to
maintain life in aerobic cells. SOD seems to be the first line of defense
against ROS and it can be rapidly induced when cells or organisms are
exposed to an oxidative stress (McCord, 1971). There are three different
metallo-isoforms of SOD with similar kinetic properties: one contains iron
(Fe-SOD) in its active site and is found mainly in prokaryotes, one with
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manganese (Mn-SOD) and is in prokaryotic and eukaryotic mitochondria,
and one with copper and zinc (Cu/Zn-SOD) and is localized in the
cytoplasm of eukaryotic cells. These enzyme isoforms specifically catalyze
the dismutation of superoxide radicals to hydrogen peroxide and oxygen.

+ 2H+

➔

The proposed mechanism for the enzymatic catalysis of SOD is the
following (Frei, 1995):

E-Me n

+

E:Me n -02=
H02-

+ H+

+ H+

➔

➔

E:Me n-l

➔

E:Me n -02=

➔

E-Me n

+

02

+ H02-

H202

overall reaction:

+ 2H+

➔

Catalase (CAT)
Catalase ( E.C. 1.11.1.6) is a ubiquitous enzyme found in all known
organisms. It is a 240,000 molecular weight protein tetramer. In
eukaryotic cells, it is ptesent in peroxisomes. CAT contains a heme in its
active site which is necessary for its catalytic activity. The main function
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of CAT is detoxification of hydrogen peroxide into water and oxygen (Sies,
1985).

Another mode of action of CAT is described as a peroxidase where it
utilizes the hydrogen peroxide molecule as an oxidant (Roberfroid, 1995).

Glutathione Peroxidase (GPX)
Glutathione peroxidase (E.C. 1.11.1.9) is also a metalloprotein. It is
a 85,000 dalton tetrameric enzyme with four identical subunits containing
one unit of selenium as a selenocysteine in the catalytic site.
Approximately 60-75% of this enzyme activity is found in the cytoplasm of
eukaryotic cells and 25-40% in the mitochondria (Cerutti, 1988). GPX
reduces hydrogen peroxide and a wide variety of hydroperoxides including
those derived from unsaturated fatty acids, nucleic acids and many other
biomolecules.

ROOH

+

2 GSH

➔

2 H2O +

GSSG

+

2 GSH

➔

ROH

+

GSSG

+ H2O

GPX also participates in dismantling the H2O2 produced by the
SOD reaction. The catalytic system of GPX uses glutathione (GSH) as a

19
substrate and its efficacy depends on the availability of intracellular GSH
and on the ability of the cell to reduce glutathione disulfide (GSSG).
The oxidized GSSG is reduced back to GSH by another enzyme
called glutathione reductase (Gred), which is a dimeric enzyme containing
FAD in its active sites. Gred utilizes NADPH to reduce GSSG, NADPH is
generated and supplied to this catalytic cycle by glucose-6-phosphate
dehydrogenase an enzyme from the hexose monophosphate shunt, see
Figure 4 (Ruberfroid, 1995).

GSH

NADP+

-6-P

GSSG

Figure 4.

Detoxification of Hydrogen Peroxide by the Glutathione
Peroxidase (GPX) Cycle.

GPX primarily functions to detoxify low levels of hydrogen peroxide
in the cell and has a wider range of substrates including lipid peroxides as
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compared to CAT substrates which consist of small molecules including
H202 and the methyl or ethyl hydroperoxides (Heffner, 1989).
CAT is involved in detoxification of high levels of H202. Therefore,
as outlined above, enzymes may act in a coordinate manner to defend
living tissue from oxidant damage: two· enzymes (CAT and GPX)
catabolize H202 and two isoforms of SOD detoxify 02- •. Since the enzymes
which reduce 02- • are inactivated by H202 , and the enzymes catabolizing
H202 are inactivated by

02- • (Quinlan, 1994), one enzyme system

complements the other by detoxifying its corresponding inactivating
oxidant. And, as a further benefit, the catabolism of H202 by GPX and
CAT inhibits the formation of •oH. Figure 5 illustrates diagrammatically
that all three enzymes described above work synergistically to combat the
oxidative stress that is critical for cell survival.
Nonenzymatic Antioxidants
The antioxidant activity of several natural and synthetic
compounds is accomplished through a redox reaction involving the
donation of a single electron to a free radical species. During the course of
this electron transfer, the radical character is transferred to the
antioxidant, yielding the antioxidant -derived radical. For example, cell
membranes and plasma lipoproteins contain a-tocopherol (vitamin E)
which functions as a "chain breaking" antioxidant. This lipid soluble
molecule that contains an -OH group that is very easily removed.
Therefore, when peroxyl or alkoxyl radicals radicals are generated during
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lipid peroxidation,

they preferentially react with the

a-tocopherol

molecule(Halliwell, 1989) and this terminates the chain reaction.

SOD

CAT

GRed

NADPH
G-6-PDH

Figure 5.

Synergistic Actions of SOD, CAT and GPX.
+

a-tocopherol-OH

➔ LOOH

+

a-tocopherol-o•

The new a-tocopherol molecule is poorly reactive and is unable to
attack adjacent fatty-acid side chains, so the chain reaction is stopped.
There is evidence that the tocopherol radical can migrate to the
membrane surface and be converted back to a-tocopherol by reaction with
ascorbic acid (vitamin C) (McCay, 1985). Thus both vitamin C and a
tocopherol seem to minimize the consequence of lipid peroxidation. Other
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nonenzymatic antioxidants work on the similar chemical principles. Some
of these antioxidant molecules are synthesized in the body, for exampb,
glutathione or ubiquinol, whereas others have to be provided as
micronutrients, such as antioxidant vitamins.
Secondary Antioxidant Defenses
The second category of natural antioxidant defense is repair
processes, which remove damaged molecules before they can accumulate
and before their presence results in altered cell metabolism or viability.
They serve as a repair system to eliminate molecules or cell components
that were damaged by oxidants or free radical reaction which escaped the
primary antioxidant defenses. Oxidatively damaged nucleic acids are
repaired by specific enzymes, oxidized proteins are removed by proteolytic
systems and oxidized membrane lipids are acted upon by lipases,
peroxidases and acyl transferases. Oxidative damage to nucleic acids has
been shown to occur in vivo and is thought to be quite extensive. This
damage disrupts transcription, translocation, and DNA repli<'�tion and
also gives rise to mutations. There is evidence that DNA repair enzyme
activity - requiring exision of the damaged strand followed by an
endogenous polymerases-mediated insertion of the proper nucleotides- is
induced by oxidative damage (Ahmad, 1995). Likewise, inactivation of
protein function is an early expression of free radical exposure and
oxidatively damaged proteins.
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Involvment of Free Radicals and Antioxidant Defense System in Diseases
Since the discovery of free radicals as important biochemical
intermediates, many researchers have implicated ROS as essential
causative agents in the pathogenesis of a very large number of human
diseases,

including

cancer,

atherosclerosis,

emphysema,

diabetes,

arthritis, AIDS, etc. (Halliwell, 1992). In addition, it has been suggested
that continuous oxidative stress over many years may in part be
responsible for the aging process. In many cases free radical production
may be considered secondary to the initial toxic mechanism, or a
consequence rather than the cause of cell damage. Therefore, it 1s
noteworthy to mention that radicals may initiate a series of biochemical
events without being directly responsible for the final biological alteration
observed, or radicals and oxidants may arise subsequent to tissue injury
and may potentiate the final extent of damage. Figure 6 illustrates the
fate of free radicals as initiators of oxidative stress which may result in
diseases or aging.
In normal conditions, there is a steady state balance between the
production of ROS and their destruction by the cellular antioxidant
systems. However, this balance can be broken naturally or experimentally
either by increasing the free radical production or by decreasing the
defense systems. These two approaches have been used to understand the
respective role and the efficiency of the different antioxidant enzymes for
protection against the free rqdical-induced decrease in cell proliferation
and cell death.
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Involvement of Free Radicals in Diseases.
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Despite the numerous reports which have studied the activities and
properties of these different antioxidant enzymes, and the fact that they
play a very important role in the defense against the ROS, their relative
importance in the cell and their potential cooperation are still a subject of
controversy (Michiels, 1994). This may be partly due to the heterogeneity
of experimental models (in vitro or in vivo, cell types, animal species, etc.)
and in the oxidative conditions used (with or without oxidative stress, the
type of free radical generating system, the location of their production,
extra- or intr:1cellular, the length of exposure, etc.). Therefore, the
interpretation of the results also varies and much work remains to be
done to evaluate the status of the protective roles of the antioxidant
enzymes in any disease state.
Objective of the Study
Keeping in mind that there is an altered antioxidant status in a
diseased state, the objective of this study was to investigate the enzymatic
antioxidant stati..1.s using experimental diabetes as a disease model.
Diabetes Mellitus
Diabetes mellitus is a disease state in which the production and/or
utilization of insulin is impaired. There are two general types of diabetes
mellitus: type I or insulin dependent diabetes mellitus (IDDM) and type II
or

non-insulin

dependent

diabetes

mellitus

(NIDDM).

Tablel

characterizes the two kinds of diabetes on the basis of various factors.
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Type I diabetics are totally dependent on exogenous insulin, while
in type II diabetics insulin is produced but their cells do not respond to the
hormone. In general, type I diabetics tend to be young and lean (juvenile
onset), while type II diabetics tend to be older and obese (adult-onset).
Majority of the diabetic population is NIDDM or type II. Even though the
exact cause of diabetes is unknown, it has been shown that in IDDM
destruction of the pancreatic beta cells causes the disease by destroying
the cells that produce insulin. Several theories exist to explain the cause
of

IDDM

including

viral

infections,

environmental factors,

and

autoimmune diseases (Charles, 1983; Kataoka, 1983). Before the
introduction of insulin, the prognosis of IDDM was extremely poor, with
early death from coma or infection. It had been hoped that the discovery
and introduction of insulin would permit diabetic individuals to lead
normal lives. In the course of the following decades it became apparent
that this was not the case. Individuals with diabetes often develop
complications of the disease which are a major threat to both the quality
and length of life. These complications include a wide group of �linical
disorders that affect the vascular system, the kidney, the retina, the
peripheral nerves, the lens, and the skin. It is reported that an individual
with diabetes has a 25-fold increase in the risk of blindness, a 20-fold
increase in the risk of renal failure, a 20-fold increase in the risk of
amputation as result of gangrene, and a 2- to 6- fold increase in coronory
heart disease and ischemic brain damage. Almost half of those diagnosed
as diabetic before the age of 31 die before they reach 50, largely as a result
of cardiovascular or renal complications (Deckert, 1978). Because
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diabetics often live a long time after the onset of disease, the cost of care
for these patients is enormous. Clearly much research is needed to
prevent diabetes and to prevent the ill effects of the diabetic state.
Table 1
Comparison of NIDDM and IDDM
IDDM

NIDDM
Level of insulin secretion

may be normal or
exceed normal

None or almost
none

Typical age of onset

Adulthood

Childhood

Percentage of diabetics

80-90%

10-20%

Basic defect

Reduced sensitivity of
insulin's target cells

Impair of B
cells

Associated with obesity?

Usually

No

Genetic and environmental
factors participating in
disease?

Yes

Yes

Speed of development of
symptoms

Slow

Rapid

Treatment

Dietary control and
weight reduction;
occasionally oral
hyp oglycemic drugs

Insulin
injection;
dietary
management
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Diabetes and Oxidative Stress
Studies done to date on diabetic models imply that free radicals and
oxidative stress may act as a common pathway to diabetes, as well as to
its later complications. Type I diabetes, IDDM, can be produced m
animals by the action of certain chemicals on the pancreatic beta cells.
Toxicity of these chemicals results in the production of oxygen free
radicals that appear to play a role in beta cell killing. Investigators have
used this approach to assess the antioxidant enzyme levels in
experimental diabetes. Much of the evidence concerning a role of oxidation
in the induction of diabetes mellitus comes from the study of two drugs:
alloxan and streptozotocin (STZ). Both of these chemicals appear to
selectively destroy the Islets of Langerhans (which contain beta cells) by
oxidant production. Panreatic beta cells appear to be low in protective
antioxidants and very susceptible to oxidative stress (Asayama, 1986)
and, therefore, upon destruction of beta cells by one time administration
of such chemicals, there is a continuous production of free radicals.
Additionally, many studies have compared lipid peroxidation products in
many normal and age-matched plasma and tissue samples with those
from diabetic patients. Lipid peroxide levels in diabetic plasma were
found to be significantly higher than in healthy individuals (Kaji, 1985).
Higher levels of lipid peroxidation products were also reported in a
number of studies in type II diabetic patients with retinopathy and
angiopathy (Cheeseman and Slater, 1993).

29
Alloxan (2,4,5,6-tetraoxohexahydropyrimidine) is an unstable and
reactive chemical substance which is readily reduced to dialuric acid, the
toxic form of the compound (Rerup, 1970). Many studies support a role for
oxygen free radicals as mediators in the toxic effect of alloxan to cells in
vitro and in vivo. The toxicity of alloxan is based on its selective uptake by
the beta cells and their unusually high efficiency for reducing alloxan to
dialuric acid which may eventually result in the production of ROS
(Oberley, 1988). Altered levels of the antioxidant enzymes were reported
by Wohaieb, et al., (Wohaieb,1987) in various tissues of alloxan induced
diabetic rats, and upon treating the animals with insulin, the foregoing
alterations in tissue antioxidant status were reversed and normalized to
the control levels.
In the present study, however, STZ was used to induce diabetes in
vivo using male Sprague-Dawley rats. Streptozotocin is the common name
for

2-deoxy-2-(3-methyl-3-nitrosoureido)-D-glucopyranose,

it

has

antibacterial and antitumor properties as well as being a diabetogenic
agent. It is proposed that STZ is toxic to cells because it causes depression
of NAD and NADP levels in cells (Anderson, 1974) and there is evidence
that ROS are involved in the diabetogenic action of STZ. A 21% decrease
was reported in GSH in human erythrocytes exposed to STZ in vitro and a
74% increase in oxidized glutathione (GSSG) levels. The GSH levels of rat
islets incubated with STZ in vitro also decreased 33% with a 95% increase
in GSSG levels. Nicotinamide administration prevented the decrease in
GSH levels in human erythrocytes exposed to STZ, suggesting that
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nicotinamide is used to synthesize NADPH, which is then used to
maintain GSH levels via the Gred recycling system (Oberley, 1988).
Insulin Mimetics
Recently, there has been much interest m the study of insulin
mimetics. Insulin mimetics are agents which have shown to exhibit
insulin like propeties, such as, (a) glucose transport, (b) regulation of
glycolytic enzymes, and (c) normalize plasma glucose levels.
Since altered antioxidant status during diabetes has been shown to
be restored by insulin treatment (Loven, 1986; Wohaieb, 1987), a similar
antioxidant role of insulin mimetics is also expected. Hence, this study
was directed to examine this theory in vivo in diabetic rat liver and in
vitro in isolated rat hepatocytes. Very little work has been done in order
to investigate the status of enzymatic antioxidants, namely, SOD, CAT,
and GPX under the treatment of diabetic animals with insulin mimetics.
The majority of the literature regarding the insulin like effects of various
agents has been focused on the metals vanadium and selenium. Vanadate
(VO4 2·

)

and selenate (SeO4 2·

)

have been shown to mimic insulin in vivo

in chemically induced diabetic rats and in vitro in isolated rat
hepatocytes. Zinc (Zn2+) has also been given considerable attention for its
insulin mimetic properties and has shown similar effects in rat
adipocytes.
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Vanadium
In the recent years there has been increasing interest in the
biological significance of vanadium, V (Macara, 1980). Vanadium is
recognized as an essential trace element for nutritional requirements in
higher animals. There are two different forms of vanadium that have been
used in metabolic studies: vanadyl and vanadate.Vanadate ion is a pH
dependent ion and has two different species, orthovanadate and
metavanadate. At very low pHs, they are found as single ions but as the
pH increases, both species polymerize.
Heyliger et al. (Heyliger, 1985) for the first time showed that the
blood glucose concentration in insulin-dependent diabetic rats was almost
normalized after oral administration of vanadate for several weeks.
Others have subsequently confirmed that V as sodium orthovanadate,
sodium metavanadate or vanadyl sulfate can lower the hyperglycemia of
STZ-induced
Brichard,1988;

diabetic

rats

Bendayan,

(Meyerovitch,
1989;

Blondel,

1987;

Paulson,

1987;

1989;

Pederson,

1989;

Ramanadham, 1989). Vanadate also stimulates glucose uptake and
oxidation in rat adipocytes. It stimulates glycogen synthesis in the liver
and inhibits gluconeogenesis (Tolman, 1979). Vanadate has also been
shown to mimic insulin in isolated rat hepatocytes by increasing levels of
fructose-2,6-bisphosphate which is a key regulatory substance in glucose
metabolism (Miralpeix, 1989).
While, vanadate is a hyp oglycemic agent, it also has pro-oxidant
potential and has been shown to oxidize a variety of biochemical
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substrates including lipids (Donaldson, 1983; Elfant 1987), glutathione
(Breuch, 1984) ascorbic acid (Khan, 1968) and NAD(P)H ( Breuch, 1984).
Liochev et al. (Liochev, 1988) have shown that vanadate and vanadyl are
capable of inducing lipid peroxidation in intact mitochondria but the effect
of vanadyl is much more pronounced than that of vanadate. Lipid
peroxidation by vanadyl was not affected by ROS scavengers, suggesting
that the action may not be mediated by ROS, instead it reacts directly
with lipid peroxides.
Selenium
The nutritional need for trace amounts of selenium (Se) has been
recognized for many years . Se, at lower concentrations, is an essential
biological trace elment necessary for growth of animals and humans and
has toxic effects at higher concentrations (Schwarz, 1958). The study of
experimental deficiency syndrome in animals suggested that this element
also had an antioxidant role (Tappel, 1967). Moreover, studies on the
chemical reactivity of selenium containing compounds against per0xides
and oxygen-centered radical confirm the concept that Se can be considered
an antioxidant (Olcott, 1961; Caldwell, 1964; Hamilton, 1963). Greater
understanding of the biological mechanism of tissue protection against an
oxidative challenge was achieved by the discovery that GPX contains
selenium. GPX is a tetrameric protein and selenium is present in the
protein as a selenocysteine (Figure 7) with one selenium atom linked to
each monomer (Oh, 1974).
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It has been reported that Se deficiency causes an increase in
mitochondrial membrane peroxidation and Se supplementation can
protect membrane from lipid peroxidation damage, occurring as a result of
GPX deficiency (Yang, 1984). Various studies suggest that the reduced
levels of circulating Se increase cancer risk. -As discussed earlier, many
procarcinogens are converted to carcinogens by certain enzymes involving
free radicals and hydroperoxide (lipid peroxidation) dependent processes
which eventually initiate and promote cancer, Se has shown no effect on
the active carcinogens that do not require this metabolic transformation
(Ringstad, 1988; Capel, 1983; Hocman, 1988).

Se

CH2
H2N- C--coon
H

Figure 7.

Structure of a Selenocysteine

It has been also shown that cancer patients have lower Se in
blood/plasma, decreased GPX in erythrocytes and plasma and increased
lipid peroxides as compared to age matched controls (Gromadzinska,
1988a, 1988b). Moreover, Se induces an increase in GPX and marginal
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depressions of lipid peroxides in BALB/C and BD2Fl strain of mice
exposed to 2.0 ppm Se (Lane, 1985). Selenium is a powerful inhibitor of
many enzymes of cell division and growth and presumably exerts its
cancer protecting effects by modulating cell division (Schrauzer, 1987). Se
status also affects the toxicities of xenobiotic agents such as drugs and
other foreign components. Se deficiency increases toxicities of drugs that
are metabolized through formation of free radicals or ROS, which in turn
deplete NADPH, decrease GPX, inhibit recycling of GPX, increase
uncontrolled lipid peroxidation and ultimately result in reduced protection
against the drug (Bedwal, 1993). Since the elemental form of Se has
shown antioxidative properties, its use has been greatly popularized by its
availability either as nutritional supplement or in combination with
antioxidant vitamins.
More recently, selenium in the form of sodium selenate, has shown
many insulin-like properties. Selenate has been shown to effect glucose
transport and translocation of glucose transporters in rat adipocytes in
culture (Ezaki, 1990). Selenate treatment on STZ-induced diabetic rats
effectively normalizes blood glucose levels (McNeil!, 1991). Similarly to
insulin, it has also been shown to positively affect the expression of two
key lipogenic enzymes: fatty acid synthase and glucose-6-phosphate
dehydrogenase in diabetic rats (Berg, 1995). Of course, many of the
insulin mimicking properties of selenate also resemble to those of
vanadate. Therefore, it was of great interest to us to investigate the
antioxidative status under the treatment of these two mimetics since
vanadate and selenate both appear to be potential treatments of diabetes.
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Zinc and Cadmium
In addition to using vanadate and selenate as insulin mimetics in
the in vitro model of this study, yet another potential insulin memetic,
zinc, was also studied. Zinc, in the form of zinc chloride, has been shown
to regulate glucose uptake and other metabolic processes in a manner
similar to that of insulin in vitro in rat adipocytes and in vivo in STZ
induced diabetic rats (Shisheva, 1992).
Zinc is an essential trace element m animals and humans
(Underwood, 1977). Major functions of zinc in human and animal
metabolism appear to be enzymatic. It is a cofactor of many
metalloenzymes that play a role in the maintenance of several cell
functions. It has also been suggested that zinc reduces lipid peroxidation
of the membrane and thus behave as an antioxidant. In zinc deficient
animals, peroxidation of tissue lipids is noted to occur (Burke, 1985;
Szeberi, 1988; Coppen, 1988). Malondialdehyde formation is increased 3to 4-fold as a result of zinc deficiency, suggesting that lipid peroxidation is
enhanced by zinc deficiency. Moreover, the level of GSH has been reported
to be reduced m plasma of zinc deficient rats (Fernandez, 1983) and
because GSH 1s an electron donor and a free radical scavenger, a
reduction in GSH level in zinc deficiency may enhance lipid peroxidation.
In the 1960's, an additional role of zinc was found as a constituent of the
enzyme SOD (McCord and Fridovich, 1969). Superoxide dismutase
contains two atoms of zinc and two atoms of copper and, as discussed
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earlier, catalyzes the dismutation reaction of superoxide radical to
hydrogen peroxide.
Finally, cadmium, Cd, (cadmium chloride) was used as another
treatment in the in vitro model as a control. Cadmium is a nonessential
element and is considered an environmental-and industrial pollutant. It is
believed that Cd is accumulated in certain target organs including liver,
kidney, brain, lungs, heart, testes, and the central nervous system.
Although, Cd does not appear to generate free radicals (Ochi, 1987), an
increased tissue lipid peroxidation has been suggested to play an
important role in the mechanism of Cd toxicity (Singhal, 1985). Cd has
been shown to cause decreases in intracellular levels of the antioxidant
substances, glutathione and vitamin E, and decreases in the activities of
the antioxidant enzymes: SOD, GPX, and CAT (Manca, 1991; Hussain,
1987; Shukla, 1989). Cd has also been shown to stimulate lipid
peroxidation in rat hepatocytes (Stacey, 1980) which was assumed to
result from inhibition of GPX.

CHAPTER II
MATERIALS AND METHODS

In Vivo Experimental Design and Treatment of Animals
Maintenance, treatment of animals, liver isolation and sample
preparation for the in vivo experiments were performed by Berg et. al.
(Berg, 1995). Male Sprague-Dawley rats were purchased from Harlan
Sprague-Dawley, Kalamazoo, MI. Prior to induction of diabetes, animals
were first fasted for 24 hours and blood samples were obtained from the
tail vein. Diabetes was induced by injecting 65mg/kg of streptozotocin (a
gift from The Upjohn Company). Control animals were treated similarly
except water was used in place of the streptozotocin. Animals were
considered either diabetic or normal by determining their blood glucose
levels and then classified and treated as the following: (a) Non-diabetic
control., (b) Diabetic, (c) Diabetic treated with 5-10 U Ultralenta insulin,
injected subcutaneously, (d) Diabetic treated with 0.5 mg/ml sodium
orthovanadate with lg/L sodium chloride in drinking water, and Diabetic
treated with 15µmole/kg sodium selenate injected inter-peritoneally. Non
diabetic control animals were also treated as described above in the
following categories: (f) Non-diabetic control treated with insulin as in (c),
(g) Non-diabetic control treated with sodium orthovanadate as in (d), and
(h) Non-diabetic control treated with sodium selenate as in (e).
Animals were monitored for 18 days. Liver was excised under
anesthesia with 50mg/kg pentobarbital. Samples were prepared by
37
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homogenization and stored in a -70 °C freezer. Aliquots of the liver
homogenates were used for the next 6-7 months for protein determination
and enzyme assays.

In Vitro Experimental Design
Hepatocyte Isolation and Culture
Male Sprague-Dawley rats were obtained from Harlan Sprague
Dawley, Kalamazoo, MI. Prior to use, approximately 8-12 week old rats
were fasted for 48 hours with drinking water ad libitum. Animals were
anesthetized with an inter- peritoneal injection of pentobarbital.
Hepatocytes were isolated by in situ perfusion (Elliget and Kolaja, 1983)
of the liver using collagenase (Boehringer Mannheim, Indianapolis, IN)
and hyaluronidase (Sigma Chemical Co., St. Louis, MO). The liver was
excised and forced through four layers of sterile gauze over a beaker
containing perfusion solution, and then centrifuged in 50 ml centrifuge
tubes for 3 minutes at 500 rpm at 4 °C. The supernatant was aspirated
and the cell pellet was suspended, washed, and centrifuged twice with
cold Waymouth's MB 752/1 (Gibco, Grand Island NY) medium containing
0.5% Bovine Serum Albumin (BSA). Cell pellet obtained after the final
washing was resuspended in the medium and an aliquot was used to
determine cell concentration and cell viability on a hemocytometer by
trypan blue dye exclusion. Cells with an average viability of greater than
80% were plated on sterilized Falcon-1007 60mm, collagen (rat-tail)
coated plates to a confluency of 90%. The cells were then incubated in 4ml
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Waymouth's MB 721/1

medium with BSA at 37 °C, m a humidified

atmosphere of 5% CO2 and 95% air for 4 hours.
Hepatocyte Treatment
After 4 hours, the BSA supplemented medium was aspirated from
the plates under a sterile biohood. Cells were washed once with 2ml of
BSA free Waymouth's medium with a swirling motion. The wash was
aspirated and 4 ml of the BSA free Waymouth's media was added. Two
culture plates per condition were used. Treatment conditions and optimal
concentrations of agents were previously determined: (a) NA, no
treatment, (b) 2 µl of lmg/ml insulin, (c) 10 µM sodium orthovanadate, (d)
20 µM sodium selenate, (e) 10 µM zinc chloride, and (f) 0.5 µM cadmium
chloride. The plates were gently swirled to mix.
Cell Harvest
Treated hepatocytes were incubated for either 24, 36, or 48 hours
after time of treatment and processed as follows: medium was aspirated
and cells were scraped in 0.5 ml KED buffer [containing 0.1 M potassium
phosphate buffer (pH= 7.0), 3.0 mM ethylenediaminetetraacetic acid
(EDTA), and 1.0 mM dithiothreotol (DTT)], cell-buffer mixture of two
plates was combined and transferred to a Dounce homogenizer and
homogenized 20-25 times. This extract was then spun in a microfuge for
15 minutes at 4 °C and the supernatant was collected and stored with 10%
(v/v) glycerol at -20 °C.
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Protein and Enzyme Assays
Total protein concentration of in vivo and in vitro samples was
determined by the method of Lowry, et. al (Lowry, 1951) using a standard
absorbance curve of BSA. In vivo samples were diluted in sterile water
and the protein concentration was corrected for the dilution factor. Protein
values for all samples were expressed in µg/µl.
Catalase assay was done according to the method of Aeibi et. al
(Aeibi, 1974). Samples were diluted in 0.5 M potassium phosphate buffer,
pH=7.0. Stock reaction mixture was prepared by adding 0.2 ml of 30%
H2O2 ( Sigma Chemical Co.) to 50 ml of buffer. Sample was added to a
quartz cuvette containing 1 ml of reaction mixture and the rate of change
in absorbance with time was monitored for 3 minutes at 240 nm on a
Beckman DU 7500 spectrophotometer. Temperature was maintained at
25 °C. Glutathione peroxidase activity was measured by the method of
Paglia et. al (Paglia, 1967). Reaction mixture in a 1 ml quartz cuvette
contained 50 mM EDTA, 1.0 mM sodium azide, 0.2 mM NADPH (Sigma
Chemical Co.), 1.0 mM reduced glutathione (Sigma Chemical lJo.), and 1.0
EU/ml glutathione reductase (Boehringer Mannheim Biochemicals)
dissolved in 0.1 mM potassium phosphate buffer, pH=7.0. After addition
of sample, the reaction mixture was incubated at room temperature for 23 minutes. Reaction was initiated by the addition of 0.25 mM H2O2
dissolved in 10% ethanol, and the rate in change of absorbance was
measured for 2 minutes at 340 nm on a Beckman DU 7500
spectrophotometer. Specific activities of catalase and glutathione
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peroxidase were calculated and expressed as change m absorbance per
min per µg of protein.
Determination of superoxide dismutase (SOD) activity was initially
tried by the method of Loven et. al (Loven, 1980). This procedure required
a standard curve of SOD in which each reaction well contained 0.05 M
PBS

(phosphate

buffered saline, pH=7.8),

1 EU catalase,

lmM

diethylenetriamine pentaacetic acid (DTPA), 5.6 x 10· 5 M NBT (nitro blue
tetrazoleum, Sigma Chemical Co.), and 10· 4 M xanthine (Sigma Chemical
Co.). Production of superoxide radicals was initiated by the addition of
10· 3 EU xanthine oxidase (Sigma Chemical Co.). Without SOD, the
concentration of xanthine oxidase was adjusted so that the absorbance
change was 0.020 per minute.. The SOD activity was measured by the
inhibition of NBT reduction by superoxide radicals in the presence of
increasing amounts of SOD. Theoretically, reduction of NBT should result
in an absorbance change at 560 nm, however, several problems were
encountered during the assay procedure and these are highlighted in the
discussion section. Hence, a different approach was used to quantify the
amounts ol 3OD in the samples. After several modifications to the method
of Marklund et al. (Marklund, 1974) a new assay was used to determine
the SOD concentration. This method is based on the ability of the enzyme
to inhibit the autoxidation of pyrogallol or 1,2,3-benzenetriol (Sigma
Chemical Co.). SOD concentration in µg/ml was determined by first
generating a standard curve with known amounts of SOD in 50 mM Tris
HCl buffer (pH= 8.20) containing 1 mM DTPA, and 1 mM EDTA. Reaction
was initiated by adding 0.2 mM pyrogallol. The change in absorbance of
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the reaction was monitored for one minute at 420 nm on Beckman DU
7500 spectrophotometer. The temperature of the assay was maintained at
25 °C.
Statistical Analysis
All results are expressed as means+/- standard error of the mean.
A probability value of p < 0.05 was considered to indicate significant
difference between means.

CHAPTERIII
RESULTS
The abnormally low levels of antioxidant enzyme activity in a
diabetic state have been reported by many - investigators (Oberley, 1988;
Wohaieb, 1987; Sekar, 1990; Saxena, 1993; Gupta, 1992). Insulin
treatment of diabetic rats, as reported by several investigators (Wohaieb,
1987; Godin, 1988; Asayama, 1993; Saxena, 1993), results in almost
complete reversal of all foregoing alterations in tissue antioxidant status.
Little work, however, has been done to investigate the effects of insulin
mimetics (V, Se, and Zn) on the altered antioxidant status in a diabetic
animal model. Discussed below are the results obtained on the effects of
vanadate and selenate on the antioxidant enzyme status in a diabetic rat
liver.
Superoxide Dismutase (SOD) Concentrations In Vivo
SOD concentration was determined as described in the Materials
and Methods section and the results are expressed in nanograms of
protein per mL of liver homogenate. The number of animals varied in each
treatment group, as indicated in Table 2. Diabetic livers of STZ-treated
rats showed a marked decrease (55%) in SOD as compared to control non
diabetic animals. Treatment with either insulin (94%) or vanadate (84%)
restored the enzyme level. However, selenate treatment resulted in only a
partial (73%) restoration of SOD. As previousiy shown by Saxena et al.
43
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(Saxena, 1993) 0.6 mg/mL vanadate administration to diabetic rats
normalized the Mn-SOD level but only restored 40% of the CuZn-SOD.
Table 2

In Vivo Rat Liver Superoxide Dismutase (SOD) Concentration
SOD Conc.(ng/mL)

+/-Std.Error

Condition

n

Non-Diabetic Control

8

156.38*

4.7

Diabetic Control

6

86.24

19.6

Diabetic Insulin

7

147.97*

5.4

Diabetic Vanadate

8

132.74*

8.1

Diabetic Selenate

6

113.8

6.2

Non-Diabetic
Vanadate Control

6

100.56

7.7

Non-Diabetic
Selenate Control

5

121.71

11.6

Insulin Control

3

94.8

18.9

*Significance of difference was assessed by Student's t-test, p < 0.05 vs.
Diabetic Control.
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Effects of vanadate (64%), selenate (78%) and insulin (61%) on
control non-diabetic animals showed depressed levels of SOD.
Catalase (CAT) Activity In Vivo
Figure 8 illustrates tl1e catalase activity in animals of different
treatment groups. The results are illustrated as the percent activity of
100% control with +/- standard error. The livers of diabetic animals
showed a 57% decrease in catalase activity which was, unexpectedly, only
partially (70%) restored by insulin treatment. Wohaieb et al. (Wohaieb,
1987) showed a complete restoration of CAT activity with insulin
treatment on STZ-induced diabetic rat liver. Vanadate (94%) or selenate
(84%) treatment of diabetic rats almost completly restored the CAT
activity. According to the study done by Saxena et al (Saxena, 1993),
vanadate treatment of diabetic rats was found to be totally ineffective in
the restoration of CAT. This reason for the discrepancy is unclear.
Additionally, selenate, vanadate and insulin treatment on non-diabetic
control rats showed almost no change indicating that the treatments do
not alter the CAT activity in normal rats.
Glutathione Peroxidase (GPX) Activity In Vivo
Figure 9 shows the GPX activity expressed as percent activity of
100% control. Once again, an almost 40% depression in the GPX activity
was observed in the diabetic condition which was restored to 87% of
control by insulin treatment. Vanadate treatment again was similarly
effective in normalizing the GPX activity.
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This is also supported by

Saxena et al. (Saxena, 1993) where

vanadate treatment in diabetic rats increased the GPX enzyme activity t0
normal levels of control animals. Selenate treatment depressed the GPX
activity, even lower than the diabetic state. This behaviour of selenate is
very unexpected since Se is a cofactor for the enzyme and an antioxidant
itself (Olcott, 1961; Tappel, 1967; Oh, 1974; Yang, 1984; Bedwal, 1993).
GPX activities were also declined in the non-diabetic control treatments of
vanadate (76%), selenate (69%) and insulin (66%).
Superoxide Dismutase (SOD) Concentration In Vitro
In the in vitro model of this study, there were three different time
courses that were used to determine enzyme activity after the treatment
of hepatocytes with either vanadate, selenate, zinc or cadmium. A positive
control was used as no addition or NA. Cell cultures for different time
courses should be processed at the same time to determine protein
concentration, however, in this part of the experiment, cells were treated
immediately upon isolation and processed at three different tim 0 :points.
Table 3 depicts the SOD concentrations obtained after 24, 36, or 48
hours of treatment with either nothing, vanadate, selenate, zinc or
cadmium. Concentrations are given in nanograms per mL +/- standard
error. No significant change within a time period was observed within the
various treatments, however, the increase in time of hepatocytes in
culture led to a decrease in SOD concentration.
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Table 3
In Vitro Superoxide Dismutase (SOD) Concentrations in Isolated

Rat Hepatocytes
Condition

SOD C0ncentrations (ng/mL) (+/- Standard Error)
24 hrs

36 hours

48 hours

NA

7.50 (0.13)

7.88 (0.87)

5.23 (0.36)

I

9.55 (1.30)

8.27 (1.15)

5.53 (0.38)

V

8.56 (1.30)

6.76 (0.73)

4.35 (0.21)

Se

7.85 (0.43)

6.96 (0.54)

5.32 (0.25)

Zn

8.22 (1.13)

7.13 (0.37)

5.49 (0.33)

Cd

9.24 (1.22)

7.51 (1.08)

5.79 (0.21)

Glutathione Peroxidase (GPX) Activity In Vitro
Results are expressed as percent of NA activity. No addition is set
to equal 100%. It should be noted that the specific activities of NA
conditions varied in each group. Hepatocytes processed at 24 hours after
treatment exhibited no change (Figure 10) in the GPX activity within
treatments. At 36 hours post treatment (Figure 11), there was an increase
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of almost 20% in hepatocytes treated with selenate, however, statistical
evaluation at p<0.05 indicated that this change was not significant.
Vanadate, insulin, zinc and cadmium treatment did not alter the GPX
activity which remained close to 100% compared to the control. At 48
hours (Figure 12), there was not a significant change in GPX activity with
any of the treatments.
Catalase (CAT) Activity In Vitro
Results are again expressed as the percent activity of CAT
assuming that NA or no addition represents 100% activity of the enzyme.
Specific activities for NA were different in each run. Once again
hepatocytes processed at 24 hours post-treatment (Figure 13) did not show
a significant change from NA in CAT activity with any of the treatments.
Cells processed after 36 hours (Figure 14) showed a decrease in the CAT
activity with selenate, zinc and cadmium treatments. At 48 hours (Figure
15), a significant increase of almost 50% was observed with selenate
treatment. Hepatocytes treated with insulin, vanadate and zinc showed a
significant decline in CAT activity but it remained unaltered with
cadmium treatment.
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CHAPTER IV
DISCUSSION

This study was designed to investigate whether or not insulin
mimetic treatment similarly altered the altered antioxidant enzyme
status using experimental diabetes as a disease model.
Diabetes mellitus is a disease in which oxidative damage is thought
to be an integral and causitive part of its pathogenesis (Oberly, 1988;
Wolff, 1987). Diabetes has been shown to cause a depression in overall
liver antioxidant status (Wohaieb, 1987). The reason for this may be
several fold including persistent hyperglycemia which causes increased
production of free radicals via autoxidation of glucose (Wolff, 1987).
Monosaccharides are capable of reducing molecular oxygen under
physiological conditions, yielding ketoaldehydes, hydrogen peroxide,
hydroxyl radicals, and free radical intermediates. The occurence of this
process can lead to protein oxidative damage.
Re"'::'ntly, there has bc8n a great interest m investigating the
actions of certain heavy metals which have shown many insulin like
properties in insulin responsive tissues in vivo and in vitro. These metals
include vanadate (Tolman, 1979; Dubyak, 1980; Heyliger, 1985), selenate
(Ezaki, 1990; McNeill, 1991) and zinc (Shisheva, 1992). Vanadate has
been shown to stimulate glucose oxidation and glycogen synthesis in rat
liver (Tolman, 1979). It was also shown to mimic insulin in isolated rat
hepatocytes by increasing levels of fructose-2,6-bisphosphate, a glucose
metabolite (Miralpiex, 1989). Sodium vanadate also increases the
57
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activities of glucose-6-phosphate dehydrogenase and fatty acid synthase
(Berg, 1995) similarly to insulin. Vanadate has also been shown to
normalize glucose levels as well as the activities of hexokinase, pyruvate
kinase, and malic enzyme in alloxan induced diabetic rat (Saxena, 1992).
Sodium selenate, vvhile not having been as extensively studied as
vanadate, also shows insulin-like properties. Selenate normalizes plasma
glucose levels, reduces food and water intake, and increases weight gain
in STZ-induced diabetic rats (McNeill, 1991). It is also reported that
selenate

affects

glucose

transport

and

translocation

of glucose

transporters (Ezaki, 1990). Selenate also has been shown to increase fatty
acid synthase and glucose-6- phosphate dehydrogenase enzyme activities.
Zinc has been given the least attention in its ability to produce insulin
like effects, however, it has been shown to regulate glucose uptake and
other metabolic processes in a manner similar to that of insulin in vitro in
rat adipocytes and in vivo in STZ-induced diabetic rats (Shisheva, 1992).
The SOD assay employed in determining the concentration of the
enzyme was greatly modified from the original method (Murklund, 197 4).
Normally, NaCN is used to inhibit Mn-SOD activity if only Cu/Zn-SOD
activity needs to be determined, in this study total (Mn- and Cu/Zn-SOD)
concentration of SOD is reported. In a previous attempt to use a method
by Loven, et al. (Loven, 1980) to determine SOD activity, a number of
problems were encountered.
In this method, production of superoxide radicals is initiated by the
addition of xanthine oxidase. First, without SOD, the concentration of
xanthine oxidase is adjusted to give a co_nstant absorbance change with
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time. A standard curve must be then prepared by using known amounts of
SOD. The enzyme activity is then measured by the inhibition of nitroblue
tetrazoleum (NBT) reduction by superoxide radicals in the presence of
increasing amounts of SOD. The amount of SOD present is inversely
proportional to the amount of light absorbed. This is because the blue
color is due to the NBT absorbing protons. SOD also requires protons.
Therefore, with more SOD present, more protons will be absorbed by SOD
and less by NBT, resulting in a less intense color change. Listed below are
the some of the problems encountered during this assay procedure.
1. Xanthine Oxidase, important for the production of superoxide
radicals, demonstrated variable activity.
2. The time for assay procedure needed to be shortened to obtain
results more quickly since the change in absorbance is dependent upon
the time it takes for the reaction of SOD or NBT to go forward.
3. The blue color of the reaction mixture, which was the measure of
NBT, was not consistent in the experiment.
4. Due to its very low solubility, xanthine readily precipitated and
contributed to erroneous absorbance readings.
5. The above problems led to inconsistencies m standard curves
from separate runs and resulted in irreproducibility of standard curves.
In the in vivo model of this study, diabetes was induced
experimentally in male Sprague-Dawley rats with streptozotocin, a
diabetogenic

agent.

Induction

of

diabetes

depressed

the

SOD

concentrations and CAT and GPX activity in thE: liver, consistent with the
previous reports (Wohaieb, 1987; Sekar, 1990, Saxena, 1993). Treatment
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with insulin resulted in almost complete restoration of all the three
enzyme levels, as previously demonstrated by Wohaieb, et al (Wohaieb,
1987b). SOD concentrations and CAT and GPX activities were also
restored by vanadate treatement. Sekar, et al (Sekar, 1990) reported a
similar restoration of CAT in vanadate treated diabetic rats with a lower
dose of 0.3 mg/mL.

However, a 31% decrease in CAT activity was

reported by Saxena, et al (Saxena, 1993) with 0.6 mg/mL vanadate
treatment, but the diabetic animals were maintained for three weeks
compared to the 18 days treatment of animals in this study. Furthermore,
non-diabetic vanadate control liver showed very low SOD concentrations
and GPX activities but normal CAT activity, again in contradiction with
results obtained by Saxena, et al (Saxena, 1993) who observed a decrease
in CAT but a restoration of SOD and GPX in vanadate treated control
animals as compared to the non-diabetic control animals.
The effect of selenate treatment on the antioxidant enzyme levels in
a diabetic liver has not been previously determined. In this study,
selenate treatment partially normalized the SOD concentrations and CAT
activity, however, an unexpected depression of GPX activity was observed.
Although, the role of selenium as an antioxidant has been well established
(Tappel, 1967; Yang, 1984; ursini, 1987; Bedwal, 1993). Excess selenium
has been shown to decrease the enzymatic antioxidant defenses in rat
liver. A study done by Albrecht et al. (Albrecht, 1994) reported that excess
Se decreases the GPX activity indicating that a higher concentration of
selenium results in a decreased GPX synthesis and hence its expression.
The mechanisms by which GPX protein levels are regulated by the intake
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of dietary selenium are not yet fully understood (Christensen, 1992;
Bedwal, 1993). Finally, control animals treated with either vanadate,
selenate or insulin showed lowered, but not significantly, concentrations
of either SOD or GPX activities. CAT activity remained almost normal in
the treated control animals indicating that the treatments on normal
animals do not affect the enzyme levels.
The aim of studies in culture is to use a simpler system whereby
observations can be extrapolated to the whole organism. To date, there
has not been a report on the affects of insulin mimetics on the antioxidant
enzyme levels in isolated rat hepatocytes. Therefore, this study was
undertaken to elucidate the antioxidant status in vitro in rat hepatocytes
with the treatments of insulin mimetics. In addition to vanadate and
selenate, zinc was also used since it has also shown some insulin-like
properties (Shisheva, 1992). An additional condition, cadmium treatment,
was used as a control. Oxidative stress caused by cadmium toxicity in cell
cultures has been widely studied in many cell types (Manca, 1991).
Cadmium has been shown to cause decreases in intracellular levels of the
antioxidant substances (Shukla, 1987) and decreases in specific activities
of antioxidant enzymes (Shukla, 1989). It has been also shown that
cadmium is toxic to isolated rat hepatocytes at concentrations of lOµM or
above maintained for long periods of time (Muller, 1986) and perhaps also
toxic in 1-lOµM concentration range. Therefore, for this study 0.5µM Cd
concentration was used.
No significant changes were observed in SOD levels within
treatment groups,

however,

a continuous decrease in the SOD
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concentrations was noticed, corresponding to the length of time that cells
were in culture. This can be attributed to the various metabolic changes
that take place in cells in culture which may reqiure the participation of
antioxidant enzymes. Enzyme activities of GPX and CAT were expressed
as percent activities with NA condition as 100% control. In the case of
GPX activity, hepatocytes treated with selenate showed an increase at 36
hours, whereas the activity of other treatments remained close to control.
This may be due to the antioxidative properties of Se and its involvement
in the GPX activity. A similar increase was noticed at 48 hours with
vanadate, selenate and zinc treatment. Finally, CAT activity showed a
significant increase with selenate treatment at 48 hours which may
indicate that Se could be involved in detoxification of reactive species.
Elevation of CAT activity was also noticed with cadmium treatment after
48 hours, perhaps indicating the production of ROS or lipid peroxides.
Cadmium toxicity is thought to be associated with oxidative stress and
has been documented for a wide variety of cell types (Manca, 1991).
According to Shukla et al. (Shukla, 1990), 0.4 mg/Kg of Cd administration
to growing rats for 30 days resulted in decreased levels of an antioxidant
substance, GSH, in liver. A significant decline of SOD and GPX have also
been reported with 10 mg/Kg of cadmium administration (Sharma, 1991).
Similarly, a decline of GPX and CAT has also been shown in liver, kidney,
testis, and brain of rats with 0.4mg/Kg Cd treatment (Shukla, 1989). In
vitro treatment of Cd is also capable of inhibiting the activity of calf liver
GPX (Reddy, 1981). In accord with the results obtained by previous work
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on cadmium toxicity, cadmium treatment in this experiment served as a
control of oxidative stress.
The two models used in this study, in vivo and in vitro, do not show
the same trend in the effects of insulin mimetics on the antioxidant status
in a diabetic rat liver or isolat�d rat hepatocytes. These differences can
partly be due to the fact that in vitro conditions can only provide the
information about the direct actions on isolated cells, where as the whole
animal model can be further complicated by many other metabolic
interactions. Moreover, the mechanisms of actions of insulin and insulin
mimetics are not yet completely understood. Vanadium, for example, can
exist in many different oxidation states, but the active form of its action
as an insulin-mimetic is not yet known. Changes in oxidative states may
influence the tissue redox state, and, in turn, the antioxidant enzyme
status. In conclusion, the present investigation indicates that the insulin
mimetics, vanadate, selenate, and zinc are only partially effective in
normalizing the altered antioxidant enzyme levels in vivo and in vitro.
Antioxidant enzyme activity is an important factor that should be
considered before the role of these heavy metals is fully established as
insulin mimetics.

CHAPTERV
CONCLUSIONS
In conclusion,

the present work supports that experimental

diabetes disturbs the antioxidant defense mechanism in rat liver cells by
lowering the activities of three key enzymes: superoxide dismutase,
catalase, and glutathione peroxidase. Treatment with insulin almost
completely restores the levels of SOD and GPX in a diabetic liver, also
supported by previous investigators.
Vanadate, which has shown a variety of insulin like actions in
insulin responsive tissues, restores the GPX, CAT and SOD activity in a
diabetic rat liver similarly to insulin. Treatment

of selenate, another

potent insulin mimetic, restores the CAT and SOD levels to near normal
levels. Additionally, control animals treated with either insulin, vanadate,
or selenate -all are affected similarly indicating that the treatments of
insulin or insulin mimetics do not alter the antioxidant enzyme levels
significantally.
In the in vitro model of this study, SOD concentrations of isolated
rat hepatocytes in culture treated with either insulin, vanadate, selenate,
or zinc do not change at either 24, 36, or 48 hours post treatment. GPX
activity in rat hepatocytes also does not show a significant change at
either 24, 36, or 48 hours post treatment with the insulin mimetics. Near
normal CAT activity is seen at 24 and 36 hours post treatment with
insulin mimetics, however, after 48 hours selenate treatment significantly
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elevates the CAT activity and a significant decrease 1s observed with
insulin, vanadate, and zinc treatments.
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